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’ 'Q’J_\ m', pontaborane, B.H,, is one of the boron hyvidrides, a short, compara:
’i tively bttle studied sepes of extracrdinary compounds for whic: a satis-

factory clementary valence theory islacking  1n 1947 we decuded to uader
take new slectron diffraction studies of the inoleculer structures. The
", early difirection work and iiiost of the theoreticai discuission hod heepy ton
k. 2 much influenced (it now secms) by unforunate anslogies to ordmary
valence compournds, and it had become reazonably cicar that at least the
N old, ethans-lke structure for diborane vas incorrect ind that a bridge
i structure {1} was more likely. [ the case of Baldy, also, the structure from
H H H
\8{__\8/
/N N
H H
(1)
the previous diftraction STuOy: wus aui 1 vuinpicic Qgricment =sth the
appearance of the phutographs, cne of which was availuble to us. The
bridge structure of dihcrane has now been well established,? the crystal
structure of decaborane (P.H.) bhas been :determined.? and the BgH,
structure has been deternmined, both from the gas diffraction pattern in the
work here to be described? and from an x-ray study of the crysiel by Dul-
mage anc Lipsconb.® The most impressive attempt ot a theory of the
compositicns and structurcs, however—Pitzer's protonated double bond
theory,* which based the stiuctures of alf the boron hydridcs on diborane
bridges and on some plausibly assumed conjug:i ion propertics of these
bridges—has been a casualty: each of the new boron hydride structures has
shown little over-al! relation to the previous ones and neither involves
the diborane bridge.

The Structure Delerm:nation.—The method used has bsen outlined in
reccent reports from this laboratory.”

New photographs were taken with samples kindly provided by Professor
H. 1. Schlesinger of the University of Chicago and by Goctor I. Shapiro
of the Naval Ordnance Test Station, Pasadena. The camera distance was
10.94 cm. and the electron weve-length 0.0008 A, Indeperdent visual
interpretations of the phatagraphs were made by two observers (see Fig. 1).

The radial distribution curves, showing ouly two strong peaks, at 1.74 A.
(B—B) and 2.57 A. (B- B and B- - -H), exclude both the sirncture ad-
vocated in the original study! (IT) and that proposed by Pitzer® (111):
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\ 17 wouid requie signifieant B+ B intesuctions at 1.74 /2 = 2.46 A, and

At2 X LTS 1357 2 = 522 0 at least if it were normally rigid, and 111
a:anaverage of 2 X 171510 O8N 2 = 280 A (Tne original specificatien
of 111 would wis» reauire the 1.74 AL peak to be obviously doubled.)  The
radial distribution curves did uot lead directly to the structure, mainly d
because neither the relative areas of the widely separated inain praks nor
the indicated absence of minor interactions outside theni could be relied
. upoa.
| Nevertheless, the radial disiribution mfoermation provided a starting
point for a more detailed unalyss. oi the visual curves themselves.  This
analysis first showed that the observed doubled character of inaximuin §-10
' requires two groups of B—-B intcructious, of about equal weight, separated
by 0.11 £ 0.01 A. Even then, the outer part of the observed intensity
curve, including max. 9-10, could not be reproduced without secverely
restiicting the distribution of weights and distances within tha 2.57 A.
radial distribution peak, either by making the distribution essentially

continuous (corresponding to severe ‘‘tempera‘are’’ factors) or in other A ;
ways which, given the B—B split, were fairly obvious. TFinally, when this i
was done on the assumpticn that the 2.57 A. peak was due nainly to rigid ]

B- - -B interactions, it appeared that the B-—H terms were probably also {
‘. split, by about 0.15 A. into two groups of about equal weight. Corre- i

sponding to this distance information three unsymrnetrical arrangeinents of

the boron atoms, a puckered five-membered ring, a dimethylcyclopropane-
! like arrangement, and an ethylcyclopropanc-like arrangement. all actually |
[ rather closely similar, were found. .
| Before constructing and testing actual models baserd on these arrange-
ments of boron atoms (the theoretical intensity curves already ealculated
lacked the B- - - H terms), we decided to re-cxamine the tetragoral pyramid
arraugement, which had been considered but rejected in the orginal dif-
i fraction study, had more recently been further advocated by Pauling,?
and, unlike our unsynmumetrical arrangements, was in egreement with ro
cent indications of high symimotry froin spectroscopic® and calurimetric'
data. The 2.57 A. peak now had to be attribated main!y to B- - H rather
than B---B intcractions, contrary to our previous assumnption,'! but with |
the help of the previous unalysis a sutable disposition of hydrogen atoms
wae readily found (Fig, 2) and all others of full eymmetry (Co) were ten
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i . FIGURR 1. i
‘ ; ¥ Electron diffraction curves.  The theorctical intensity curves are for the following i
] [4 pyramida) models:
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tarseely chmirated The dew strecinre, with (e By 8y and Ry—H,
distances the Jorger of then respective bapls, seemed plapsibie and et
wetly mmediate surcess.

Al exeept o0 1 terun weve uichuled foe thie thecretime! mtensity cureves. The
coefiicaens a,, of U tciperatire factors expl - a,, 9% were teken as 0.00016 fer ¥, -H.
and 0 0, NS e By 30, GaadMu) for B 1 ana zeru ocherwise, as for dibo-

raac,™ and (e eflccaie wubue V29 was gsed t e 2y G the sclection of curves shown
w Fiw 1, G il and 2wt weoptanle, A 8wt Care donbtiul, and D, E, and F are un:
acceptable.  Liaportant stems (o0 these concin acns gre the depnh of min. 4, the shape
ol doubles 2.5, the relative infensitien ol wunwena € 7, X and 9, the shaoe f max. 7-
min. R and the pooon amd stvor o doclile: G210 e the besi caives, the only point
of substantial disagreemont covcerys the haghts of tlie fir<t three main naxima; it s
wlmost inconsequentiul for thie purimeter detvrucination and probably arises from an
underestimaie, such as could he expeciced, of the heigirt »! the broad inner max. 1-2.

In terms of B B,, = 1.740 A, the best shape parameter values und
estiniated limits of error, together with the ranges for which intensity
curves were calculated, are: B--H,., 1288 + 0.044 A. (1.22 1.35 A,
DIl C125L0.000 A, (0.05- 630 Ay, B—Bepny 0.105 = 0.010 A
{0.08 0.12A.); Z B ~By—Hy, 120 £ 20° (85-125°); and external dihedral
angle B,B;B,-ByByH,, 187 £ 10” (165-200°), all for the assumed C,, sym-
metry. These values and the values of (Qule./Qobe.)av. (see table
! for un example) lead to the following results for the bond lengths:
Bi—B,, 1.706 ~ 0.0i7 A.; By—B,, 1.805 + 0.0i4 A.; B,—H, and B—H,,
1.234 + 0.086 A. (B,—H, = By—H, assumed); and By—i1,, 1.359 = 0.077 A.

The limits of error are conservative except that no allowance has been made for the
possible effects on the angle determinations of our rough assumption that the previsre
guess for ap . u in diborane should apply to BiH,, lor all the different B- - - H terms.
The concentration of all the B+ - H distances within the 2.57 A. peul makes the ques-
t.on of interaction betweer teinperalure factor and distance purameters more serious
than usual, but the boron parameters and probably the B—H distances shouid not be
much affected, since they ar+ determinai lai 2y bty the outer part of the pattern, where
the B - - H contribution is in any case amall It inay he noted that the crystal® and gas
vulues for the bond angles und bond jexgthe in ByH, are In good agrcement except for the
B-—B lengths, for which the crystal values (188 & 002 A. aad 1.77 £ 0.02 A.)are
shorter than ours by possibly signilicant amouiis compared to the limits of error.  Our
B--B lengths, however, re In good agreemment with the preliminary results 1.68 A and
1.80 A. of a recent microwave investigation,’? irom which none of the other parameter
values have ye«t heen reported.

The x-ray confirmation of the structure type, which was cammunicated to
us during our parameter determination, made unnecessary any further
study of other poseibilities, including the unsynimetrical ones described
above. ‘The high over-all sayminetry and especially the C,, skelctal sym-
metry have also Leen confirmed by the microwave investigation.'?

Discussion.—The ByH, structure has high ligancies, two for the bridge
hydrogen atcms, five for thie apical boron atom, and six for the basal boron
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atems, in agreement with the principle’® that electron deficiency pives rise
to structures showing igancies in excess of the respective numbers of anit.
abie atomic v.hitals.  For the count of ligands, we take the direct B —1B

interaction of & Uridge bond as honding, although the related B+ B nter-

tion 13 the more likely onc in view of the comparatively short B-—13
distanice. It aie makes the ligancies m hvdrogen and borou in the boron
hydrides and other high-ligancy compounds of boron more uniformly
consistent with th.- high-ligancy principle, and is the uatural assumption
to make i these comnpawuds are to be relat :d - ordmary covalent coinpounds
in terms of resonance, following Pauling’s Jiscassion of the metuls.'t  Paul-
ing's relation ry »= 1y — 0.300 logio 1 yields an attractive conielation of tha
actualiy very widely varying bond distzaces,' as well as inferences about
certiin other aspcct. ¢ the structures.  For excriple, the Loron radius
which wousld be exactly conipatible with

the bond distances of our prelininary
e MU a0 b il o
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agresment with the average 0.794 A. cb-
tained froin all these compounds.

The basal HYoron atoms of ByH, and
the apical horon atoms of B,oH,, formn
just the same set of bonds; similarly,
the apical boron atoms of ByH, resemble
the boron atoms of the calcium boride
structure in an octahedron arrangzment
cxcept for replacemcent of external B by
H. As King and Lipscomb pointed
out,' moreover, the whole BH, struc-
ture is related to the calcium btoride
structure in alraost pracisely the same way as the BiHy struciure is
related to the boron carbide structure.’” We may add that t= - Lasal
boron atoms of Byl and all the boron atoms of decaborane, as well as
the boron atoms of boron carbide and the icosahedron atoms of ele-
mentary boron (in the modification of known structure'}, all have six
tigands in the icosahedron arrangement, with bond angles approximating
the ideal values of 60°, 108°, and 121%/,° ubout as well as would seem pos-
sible under the constraints imposed bv differing bond lengths and incompat-
ible over-all symmetries.'® Accordingly, it seeins reasonable to suggest
that these structures all reflect a strong tendeucy for sexihgated Loron te
sdopt approximately the ideal icosashed:on urrangement. g

The occurreace of the icosahedrun and octahedron arranguments is
remarkable because thay are uotably anisotropic, in violation of what
might be expecizd to result from the sp? (and sg, for the hydrides) hybrid

PIGURE 4.
The ByH, structure.
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; orlytuls on whicn the honding s presunably snamly based and because [
( there s surely wo lael ot miore conventional alternauves.  For evlementary )
horen. ter evimpl | ocdiiary octaliedrz] coordinstion o the simple cubic

structure would seem suitoble, especially in view of its frogucit oeengrence

U1 cotipica structures for other atinas which wre resonded L0 Cormmg v

half-bends. ™ I's be sure, the scosabedron and octabedron arrangemenss

woutld seein Tess amsotropic if the external tomds were stronger than the

internal bonds, as indeed 1s the gencrai indication for BgH, and decaboranc.

‘ tor the bosal boron utowis of ByH,, for evampie, the brildge: B+ H, bridge

B-—8B, and slant B—B bonds have the respective Panling hond nuinbers .
V.40, 0.45, and 0.67, with a total ot 2.49, or oni- abont three times the bond !
nmber 0.77 of the R—H external bond.* But for borun Carlnue, eie-

TABLY
CoMPALISONS OF OQuSERveh any CALCULATED POSITIONS oF MAZIMA AND MiNIMA FCR
Moo H

— grokr /9ohs ———————— }

—— e e Aty =

—v. 8- — —_— W ——v A —

NO. MAX, 1 HN MAX. i, MAX, Min Max L IHE

11.19 7.7 16.80 R.08 (9.969) (0. 979) (".083) (0.943)

16.41 13.31  17.31 13.8%  (1.012) (0 938)  (0.959) (0.901) |

25 00 20.47 25 34 21.03 1.012 vI02Y 0.998 0.904

33.87 20.70 33.33 29.77 (1.02.')") 1.4 (1.041) 1.021

38.52 36.41 39.66 39 .42 0.971) (1.001) (0 943) (0.983) ‘

48.70 43 40 48 AD 43 62 1.008 0.999 1.011 0.995

59.51 53.53 o0 15 5425 1 060 1 014 U 991 1.007 i \

72.60 66 95  T1.87 44 6] 0.908 1.004 1.009 1.009

R3.20 7803 8223 73.50 (0. 984) 0.993 (0.wW7)  1.013 '

w).017 86 50 84.97 85 67 (U 989) 0.961 {0.901) 1.002

11 .. $3.28 .. Bi.59 0.992 1.007 l
Avcrage, 12 fealures 1.0047 1 (048

Average deviation 0.009 0.007

.
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mentary boron, and calciumn boride there is no dzéinice indication one way !
or the other. Altogether, a proper undersiunding of the details of the
bonding is laeking. !
Nevertheless, it seems unlikely that the inmediate bond arrangement in
thesc structures is superior.  Instead, the essential point mmay be that they I
allow an increace in ligancy without a corresponding increase (or even with
a decrease) in the number and severity of close non-bond interactions:
compare, for example, the joined icusahedron unit of the boron and boron
carbide structures wiu: the simple cubic structure. In the latter, each
atom has twelve next-nearest neighbors related to it by 90° bond angles,
“whereas the icosahedron atomn has only five internal next-nearest neighbers
at 108° and five external next-nearest neighhora at 122°  This strongly
suggests that the next-ncarest interactions are repulsive and important
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§ '
! and that the high-tgancy principle should be rovised to iy that the hngh
! leancics tena to in achieved msuch 2wy s fomimemaze the pumbers and !
R : maxintee Shedistances of next-ncarest noyhbors, even if the resuliag bond ’

Ui anens wolilt appear by standards of ordinary covalonce to he un
duly stianeet fe i aléo actonat for the lack of apparent extre strength
of the exiurnal bonds where *wo octahedra or two icosahedra are joined:
tor the icasahedron. aguin, cach externai bond would be epposerd princi
pally by ten next-nearest interactions at 1227 and ten serend ticarest i
teractions (assuming the stagrercd nrientation ol groups aboui tire externiul

| bond) of the tvie
B ..-.B
. \ /,
B D .
whereas coch internal boud is opposed (i fnll counting shows) by only one
¥ interial next-izearest tateraction at JONT, two external next-ivarest interac-
& tions at 122°, aud one exterual interaction of the type
) $ Beowoonnn B

in the opposed orientation. The present situatiou is evidently rclated to
! & the cases of cycloprepane andd cyclobutane,?' where the energy and C—C
hond length in cyclobutane arc both greater tliur nonnal, apparentiy
because of cross-ring repulsion, while in cydiopropanc, in which the repul-
] sion is avoided by formation of the three-membered ring, the bond length
15 less than norninal and the energy still greater than normal, both apparently
in cousequence of the angle strain. ln the high-ligancy boron compounds
. the reletionships are no doubt different, especially because oi the comph-
cated rcsonance situation; uevertheless, the importance of next-nearést
neighbor repulsions seems to he verified and there 15 the additional indica-
tion that angle-strain shorteninz ot the internal bonds may also occur.
For the calcium boride st ucture, of course, the role of the wictal atotns
has also to be cotisidered.
We should like to express our thanks to Professor Pauling for his con-
tinued helpful interest in the investigation.
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